signals could be solely responsible for the growth versus sporulation decision. The level of phosphorylated SpoOA could be modulated by the kinase and phosphatase activities of the kinases. This possibility, however appealing, does not appear to be the case since recent results have implicated several independent protein phosphatases in sporulation control. The spoOE gene was found to code for a phosphatase of SpoOA-P, and its activity is presumably regulated by signals that differ from those regulating the kinases (5). Recently, a second family of proteins encoded by the rapA and rapB genes were found to function as specific phosphatases of SpoOF-P (6). The SpoOE RapA and RapB phosphatases hydrolyze the aspartyl-phosphate of specific response regulators independently of the kinases (5, 6).
The concept emerging from these studies is that a large variety of signals with either positive or negative effects on sporulation can be accommodated by exploiting the competition between protein kinases and protein phosphatases in adjusting the phosphorylation level of SpoOA (6). One corollary of this concept that sporulation initiates in response to a positive kinase/phosphatase activity ratio is that the input signals may differ in different environmental circumstances. If each component of the phosphorelay could serve both as a target for regulatory action and carry out an enzymatic function, the potential for signal input increases. Thus, SpoOF is not only the substrate for kinases and a means to transfer phosphate to SpoOB but is also a target for regulatory dephosphorylation by the Rap phosphatases. SpoOB is a phosphotransferase and may be the target of regulation by the Obg GTPase protein (7-9).
The rapA and rapB genes for the Rap phosphatases were known to be differentially regulated. Transcription of the rapA gene (also known as gsiAA and spoOL) is dependent on the ComA-ComP two-component system (10), whereas rapB is constitutively expressed throughout the growth cycle (6). If different physiological processes were responsible for controlling the transcription of each gene, the question arose as to whether this transcription control was sufficient to account for the regulatory properties of these phosphatases. This question was examined for the RapA phosphatase in detail in this communication. It was found that a second gene in the RapA transcription unit controls the activity of the RapA phosphatase. The product of this gene is transported to the exterior of the cell and reimported, probably as an active C-terminal fragment, by the oligopeptide permease system. Data are presented consistent with the notion that the product of this gene is involved in cell-cell communication. phel markers, except strain JH12676 (11) which is cpa and carries the spoOK141S mutation in the oppA gene. Strain JH12795 (oppD) was the result of integration via doublecrossover within the chromosomal portion of linearized plasmid pJM6177 into the chromosome of JH642 (11). Kanamycinresistant (KmR) transformants were scored for the sporulation-deficient phenotype due to deletion of oppD, and one colony, KmR Spo-, was named JH12795. All the strains used in this study are mutants for the App oligopeptide transport system, leaving oligopeptide transport dependent on the Opp system (12).
MATERIALS AND METHODS
The phrA-strain JH12954 was obtained by transformation of JH642 with plasmid pMP9233 selecting for chloramphenicol resistance (CmR). This plasmid contains a 612-bp EcoRI/ BsiEI fragment internal to the rapA operon, cloned in the integrative vector pJM103 (13) (Fig. 1) . Chromosome integration of pJM9233 by Campbell recombination results in interruption of the operon within the phrA gene, leaving the rapA gene intact. Inactivation of the rapA gene was obtained by transformation of JH12795 (oppD) with chromosomal DNA from strain JH12834 (6), which contains a Tn917 transposon insertion in the rapA gene, selecting for MLS resistance, thus giving rise to strain JH11053 (oppD, rapA). A rapB inactivated strain was constructed using plasmid pIPB211, which contains an EcoRV/EcoRI fragment internal to the rapB gene cloned in pJM103 (6) (M.P., unpublished data). Chromosomal DNA of JH642 carrying pIPB211 (JH12864) was used to transform JH12795 (oppD) or JH11053 (oppD, rapA) selecting for CmR to obtain strains JH11048 (oppD, rapB) and JH11055 (oppD, rapA, rapB), respectively.
The persistence of the oppD deletion marker in strains JH11053 (oppD, rapB) and JH11055 (oppD, rapA, rapB) was verified by back-cross transformation into JH642 selecting for KmR. More than 80% of the transformants were sporulationdefective, as expected from the linkage of oppD deletion and the KmR marker (11), confirming the presence of the oppD deletion in the strains tested.
Strain JH11047 was obtained as a CmR Spol colony after transformation of JH12795 with plasmid pMP9226 (6) carrying the spoOFY13S mutation.
The Escherichia coli DH5a strain was used for plasmid construction and propagation.
Growth Conditions. B. subtilis strains were grown in Schaeffer's sporulation medium (14) . Induction of sporulation by the PhrA peptides was assayed in Sterlini-Mandelstam resuspension medium as described (15). After resuspension, peptides were added at the concentrations indicated in Fig. 2 Complementation of the phrA mutation by culture supernatants was tested by growing strains JH642, JH12954, and JH12676 in 10 ml of Schaeffer's sporulation medium for 15 hr at 37°C. The cultures were centrifuged and the supernatants were filter sterilized and divided in two aliquots, which were inoculated with strain JH642 or JH12954. Cultures were further incubated for 24 hr at 37°C and tested for spore formation by assaying survival to CHCl3 treatment.
Sporulation efficiency of thephrA mutant JH12954 in mixed cultures was obtained by growing strains in 5 ml of Schaeffer's sporulation medium for 24 hr at 37°C before treatment with CHCl3. Mixed cultures of JH642 and JH12954 were plated on Schaeffer's sporulation medium and surviving cells were scored for their sporulation phenotype in order to obtain their respective frequency of sporulation. The colonies arising from spores of these two strains may be distinguished on solid medium by colony morphology since strain JH12954 is genotypically sporulation defective regardless of whether sporulation has been induced by an exogenous peptide. Mixed cultures of JH12795 and JH12954 were plated on Schaeffer's medium containing Km (2 jig/ml) and Schaeffer's medium containing chloramphenicol (5 ,ug/ml) in order to be distinguished.
RESULTS
An Effector Molecule Controlling the RapA Phosphatase Activity. The original sequencing studies of the gsiAA (now called rapA) locus revealed the presence of a small gene,gsiAB, downstream ofgsiAA whose initiation codon overlapped the C terminus of gsiAA by 8 nucleotides, suggesting it was translationally coupled to the upstream gene (10). The function of the GsiAB protein was unknown, but it could be a candidate for a regulator of RapA phosphatase activity. To investigate this possibility, a plasmid was constructed (pMP9233) (Fig. 1) , which, upon integration in the B. subtilis chromosome, causes inactivation of gsiAB by separating it from the rapA promoter but does not affect rapA transcription. The resulting transformant (JH12954) was sporulation deficient (10-20% of spores compared to wild type). If both rapA and gsil4B were deleted simultaneously, the mutant phenotype was Spo+ with an identical or even higher sporulation frequency than that observed in the wild-type strain. Since RapA is a potent phosphatase of SpoOF-P, the results suggested that GsiAB normally modulates this phosphatase activity, which, when uncontrolled, depletes the SpoOF-P pool, preventing sporulation. For this reason, the gsi4B gene has been renamedphrA (p2hosphatase regulator).
The phrA gene codes for a 44-amino acid protein with a deduced molecular weight of 4793. The amino acid sequence indicates that the protein consists of two domains: a hydrophobic N-terminal signal peptide sequence followed by a hydrophilic C-terminal region. These two regions are separated by a potential signal peptidase cleavage site (predicted from von Heijne's algorithms) (16) (Fig. 1) . These observations suggested that the phrA gene product is a protein subject to cleavage by a signal peptidase, which results in a secreted polypeptide of 19 amino acids.
The Oligopeptide Permease System Is Required for Transport of the PhrA Peptide. If the phrA gene product is an exported protein generating a peptide molecule with a signaling role in RapA phosphatase regulation, then it is conceivable and even likely that the signal has to be transferred back inside the cell in order to regulate the phosphatase activity. A candidate for the transport function was the oligopeptide transport system encoded by the opp operon. Assuming that an opp mutant can produce and secrete the phrA gene product, the inability to transport peptides larger than dipeptides in this mutant should result in the peptide accumulating in the medium (12). To test this possibility, a complementation test was devised in which the culture fluids from an opp mutant were tested for their ability to restore sporulation to a strain mutant for the phrA gene. Strain JH12954 (phrA) was grown in conditioned medium from strains JH12676 (oppA) and the wild-type strain JH642. Under these conditions, sporulation in JH12954 was partially restored by culture fluids from the opp mutant but not by conditioned medium from the wild type (Table 1) . Sporulation in the phrA mutant could be demonstrated on solid medium when strain JH12954 was grown on a Schaeffer's sporulation agar plate next to strain JH12676, but significant sporulation was not noticeably induced by proximity to strain JH642.
The inability of the conditioned culture fluids from the wild-type strain to complement thephrA mutant suggested that either the active peptide did not reach critical concentrations in this culture or the culture fluids at the time of harvest were devoid of peptide because it had all been imported. To test these possibilities, a mixed culture experiment was devised in which thephrA mutant was grown and subjected to sporulation in the presence of the wild-type strain or the opp mutant. The strains were suitably marked so that they could be distinguished. When the phrA mutant strain was grown in mixed culture with either wild-type or Opp-cells, its sporulation efficiency was -10-fold higher than in single culture and near or above wild-type levels (Table 2) . Thus, the active complementing peptide was produced by the wild-type cells in our previous experiments but had accumulated only in the opp mutant.
Inactivation of Rap Phosphatases Suppresses the opp Sporulation-Deficient Phenotype. The role of the oligopeptide Values in parentheses refer to percentages of sporulation obtained in an independent experiment. In the mixed cultures, each colony was phenotypically distinguishable as to strain or origin. transport system in sporulation has been the subject of speculation for some time (11, 17) . The present experiments suggested that one of its roles is to import peptides that regulate the activity of phosphatases, which can prevent sporulation (6). Since there are two major phosphatases of this family (RapA and RapB) affecting sporulation (6), it was of interest to construct a double rapA-rapB mutant to determine their significance in the opp sporulation phenotype. When the rapA gene in strain JH12795 was inactivated, some increase in sporulation efficiency was obtained, but full sporulation capability was restored only when a second phosphatase of the Rap family, RapB, was also inactivated (Table 3) .
If inactivation of the SpoOF phosphatases can suppress the Spo-phenotype of the oligopeptide transport mutant, we expected a SpoOF mutant protein, Y13S, resistant to the Rap phosphatases to give the same results (6). When the gene coding for the SpoOF Y13S mutant protein was transferred into the opp strain JH12795, sporulation was, indeed, restored to wild-type levels (Table 3) (Fig. 1 ). This peptide was chemically synthesized, together with a second peptide consisting of the last 17 amino acids of the sequence. The upper limit of peptide size transported by the Opp system has not been determined, but it is known to transport peptides ranging in size from 3 to possibly 8 amino acids (12, 18) . Peptides containing the last 4, 6, and 8 amino acids of the PhrA C-terminal portion were synthesized under the assumption that the primary peptide produced by the signal peptidase might be subject to further processing (Fig. 1) . Concentrations of peptides ranging from 0.1 to 50 ,tM were provided to growing cells of the phrA mutant strain (JH12954) and sporulation efficiency was tested. The results shown in Fig. 2 indicate that pepl7 and pepl9 were able to induce wild-type levels of sporulation in the phrA strain JH12954 when supplied at 50 ,LM concentration. Furthermore, pep6 appeared to be more active than pep8, at least at concentrations between 0.1 and 10 ,uM. Pep4 did not show any activity. Thus, the carboxyl end of the peptide appears to be the active portion of the entity and the final 6 amino acids are as active as the entire peptide. These experiments were carried out in the chemically defined Sterlini and Mandelstam resuspension medium for sporulation.
The experiments were also carried out in the peptone-based Schaeffer sporulation medium where the residual sporulation frequency of the phrA strain is higher (-5% vs. 0.5%). The spectrum of activity of the various peptides was identical to that observed in minimal medium.
DISCUSSION
The data presented here allow us to propose a model for the mechanism of RapA phosphatase control (Fig. 3) . The rapA operon consists of rapA, followed by a small gene, termed phrA, for phosphatase regulator. Genetic studies revealed that the phrA gene regulates the activity or synthesis of RapA. It codes for a protein that shows primary sequence similarity to secreted proteins and contains a signal peptidase I cleavage site, which predicts that the carboxyl half of the protein is secreted from the cell. The evidence that this secreted peptide is the regulator is primarily genetic and is based on the following observations. The sporulation deficiency of both SpoOF-P ----+ SpoOA-P require high cell density since its purpose is to foster genetic exchange in the popula-tion. The induction of the rapA operon occurs subsequent to the activation of ComP and is directly dependent on ComA (10). We have postulated that the Rap phosphatases are induced to prevent the cells from sporulating while other stationary phase physiological processes occur (6). It seems reasonable to assume that PhrA is synthesized as a molecule to signal the end of the competence process. The PhrAsecreted peptide presumably acts as another form of cell-cell communication, perhaps to ensure that cells in the immediate microenvironment are in the same physiological state. If a majority of the population is producing the peptide, the intracellular concentration is more likely to reach an effective level. Such a peptide is not equivalent to a pheromone, a molecule endowed with positive attractive attributes, but rather it serves as a means to reverse the inhibition of sporulation by these other physiological processes. The accumulation of the peptide could be regarded as a signal that the physiological process that induced it has run its course, and the peptide might even be viewed as a timing device for this process.
There has been speculation for decades that extracellular factors are responsible for induction of sporulation (23-25). The finding that oligopeptide transport mutants were deficient in sporulation fueled this theory and pointed to peptides as the active agents (11, 17) . The results presented here show that mutations in the oligopeptide transport system have a negligible effect on sporulation if the Rap phosphatases are inactivated or if their target, SpoOF, is resistant to Rap phosphatase action. These experiments suggest that much (or all) of the sporulation deficiency of opp mutants is due to their inability to import the peptides required for modulation of the RapA and RapB phosphatases. Thus, a sporulation pheromone of peptide nature requiring the Opp system for internalization is unlikely to exist as an important feature of the initiation of sporulation. That is not to say that a pheromone molecule does not exist, although the rationale for needing such a molecule to induce an essentially unicellular event has never been fully explained. Other molecules that might also serve this purpose include the homoserine lactones involved in signaling in Gramnegative bacteria (26) or the fatty acids recently implicated in cell-cell signaling during Myxococcus development (27). It may not be of only passing interest that the major sporulation kinase KinA is exquisitely sensitive to certain unsaturated fatty acids (28).
